A major laccase isozyme (Lac 1) was isolated from the culture fluid of an edible basidiomycetous mushroom, Grifola frondosa. Lac 1 was revealed to be a monomeric protein with a molecular mass of 71 kDa. The Nterminal amino acid sequence of Lac 1 was highly similar to those of laccases of some other white-rot basidiomycetes. Lac 1 showed the typical absorption spectrum of a copper-containing enzyme. The enzyme was stable in a wide pH range (4.0 to 10.0), and lost no activity up to 60 C for 60 min. The optimal pH of the enzyme activity varied among substrates. The K m values of Lac 1 toward 2,2 0 -azino-bis(3-ethylbenzothiazoline-6-sulfonic acid), 2,6-dimethoxyphenol, guaiacol, catechol, and 3,4-dihydroxy-L-phenylalanine were 0.0137 mM, 0.608 mM, 0.531 mM, 2.51 mM, and 0.149 mM respectively. Lac 1 activity was remarkably inhibited by the chloride ion, in a reversible manner. Lac 1 activity was also inhibited by thiol compounds.
Grifola frondosa (Dicks.: Fr.) S. F. Gray (maitake in Japanese) is an edible and medicinal basidiomycetous mushroom belonging to the order Aphyllopherales and family Polyporaceae. It is very important in the food market, especially in Japan, due to its unique good taste and many medicinal qualities. Hence, most studies on it have focused on its medicinal effects, such as antitumor, 1) anti-hyperliposis, 2) anti-oxidant, 3) anti-diabetic, 4) and anti-viral activities, 5) as well as the culture conditions for mushroom production. [6] [7] [8] Another important feature of G. frondosa is that it is a white-rot fungus (lignin-degrading fungus), but little attention has been paid to lignin-degrading enzymes produced by G. frondosa. Recently, it was reported that G. frondosa produces extracellular laccase, a lignin-degrading enzyme, 9) but neither purification nor characterization of the G. frondosa laccase has been done.
Laccase (EC 1.10.3.2), belonging to a family of multicopper-containing enzymes, catalyzes the oxidation of a variety of phenolic compounds, polyamines, aryl diamines, and lignin, with concomitant reduction of O 2 to water. 10, 11) In fungi, laccases are known as key enzymes involved in lignin degradation, 12, 13) and are also associated with other physiological functions, related to morphogenesis, 14, 15) cell detoxification, 16) pigment synthesis, 17) and pathogenesis. 18, 19) In addition to physiological functions, due to their broad substrate specificity, laccases have the unique ability to oxidize a broad range of xenobiotic compounds, such as synthetic dyes, 20) pesticides, 21) and chlorinated phenolics. 22) Hence, they have attracted considerable interest for application in many fields of industrial and environmental processes, including paper pulping and bleaching, 23, 24) textile dye bleaching, 25) bioremediation, 26) and effluent detoxification.
27) The potential applications of laccases in food processing have also received much attention. 28, 29) The laccase of G. frondosa, an edible mushroom, has clear advantages in industrial applications, since the use of the enzyme is assumed to be safe even in food processing, and the cultivated material (mushroom bed) after harvesting of the mushroom (fruiting bodies of G. frondosa), which is generated by mushroom factories in large amounts, is anticipated to be a good source of laccase. Hence, we aimed to elucidate the characteristics of G. frondosa laccase. Here, for the first time, we report the purification and detailed characterization of a major extracellular laccase isozyme produced by G. frondosa.
Materials and Methods
Fungal strain and culture conditions. The strain used in this study was G. frondosa AM-1 (dikaryon), which was a stock culture of our laboratory originating from a commercial source and maintained on potato dextrose agar (Beckon Dickinson, Franklin Lakes, NJ) plates at 4 C with periodic subculture. The mycelia were pre-grown on potato dextrose agar plates at 23 C for 3 weeks. For laccase production, potato dextrose broth (Becton Dickinson), supplemented with yeast extract (0.15%) and two well-known laccase inducers, 30, 31) copper sulfate (0.0002%) and 2,5-xylidine (0.006%), was used as the culture medium. Mycelial plugs (7 mm diameter) were cut from actively growing fungal colonies and inoculated into the culture medium (one plug per 4 mL of culture medium). Cultures were incubated stationarily at 23 C.
Enzyme and protein assay. Laccase activity was determined using 2,2 0 -azino-bis-(3-ethylbenzthiazoline-6-sulfonate) (ABTS) as a substrate unless otherwise stated. The assay mixture contained 1 mM ABTS, 0.1 M sodium tartrate buffer (pH 2.0), and enzyme in a total y To whom correspondence should be addressed. Fax: +81-87-891-3021; E-mail: asaday@ag.kagawa-u.ac.jp Abbreviations: ABTS, 2,2 0 -azinobis-(3-ethylbenzthiazoline-6-sulphonate); BSA, bovine serum albumin; DMP, dimethoxyphenol; L-DOPA, 3,4-dihydroxy-L-phenylalanine; Lac 1, a major laccase isozyme of Grifola frondosa; PAGE, polyacrylamide gel electrophoresis volume of 1 mL. Oxidation of ABTS was monitored by following the increase in absorbance at 420 nm (" 420 ¼ 36;000 M À1 cm À1 ). One unit of enzyme (U) was defined as the amount of enzyme required to oxidize 1 mmol of substrate per min at 30 C. Protein concentration was determined by the method of Bradford 32) with bovine serum albumin (BSA) as the standard.
Purification of laccase. All purification steps were carried out at 4 C. The culture fluid was harvested and filtered through filter paper no. 1 (Toyo Roshi, Tokyo). The filtrate was concentrated by ammonium sulfate precipitation (40-90% saturation). The protein pellet was dissolved in 20 mM potassium phosphate buffer, pH 7.0 (buffer A), and dialyzed against the same buffer. The concentrate was added with ammonium sulfate to achieve 30% saturation and then applied to a Toyopearl Butyl-650 M column (2:5 Â 20 cm, Tosoh, Tokyo) equilibrated with buffer A containing 30% saturated ammonium sulfate. The enzyme was eluted with a linear gradient of ammonium sulfate (400 mL, 30-0% saturation) in buffer A. The main fractions containing laccase activity were collected, concentrated using a 10-kDa molecular weight cut-off ultrafiltration concentrator (Centriprep-10, Millipore, Bedford, MA), and dialyzed against buffer A. The resulting solution was applied to a Toyopearl DEAE-650 M column (2:5 Â 20 cm, Tosoh), and the enzyme was eluted with a linear gradient of NaCl (400 mL, 0-0.7 M) in buffer A. The main active fractions were concentrated as mentioned above, dialyzed, and applied to a HiPrep 16/10 Q XL column (GE Healthcare, Buckinghamshire, UK) equipped with an Ä KTAprime liquid chromatographic system (GE Healthcare). The enzyme was eluted with a linear gradient of NaCl (400 mL, 0-1 M) in buffer A at a flow rate of 0.5 mL min À1 . Fractions having laccase activity were concentrated and dialyzed. To the enzyme solution, ammonium sulfate was added to achieve 30% saturation. The solution was then applied to a HiLoad 16/60 Phenyl Sepharose HP column (GE Healthcare), and the enzyme was eluted with a linear gradient of ammonium sulfate (400 mL, 30-15% saturation) in buffer A at a flow rate of 0.5 mL min À1 . The active fractions were concentrated, dialyzed, and then applied to a Hiload 16/60 Superdex 200 pg column (GE Healthcare). The enzyme was eluted with buffer A at a flow rate of 1.0 mL min À1 . The active fractions were concentrated using a 10-kDa molecular weight cut-off ultrafiltration concentrator (Centriprep-10, Millipore) and used for further experiments. The purity of the enzyme was confirmed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE).
Molecular mass and pI determination. The molecular mass of the enzyme was estimated by SDS-PAGE and gel filtration. SDS-PAGE was carried out in accordance with the procedure of Laemmli 33) with protein molecular weight markers (XL-ladder broad; APRO Life Science Institute, Tokushima, Japan). Gel filtration was carried out using a Hiload 16/60 Superdex 200 pg column (GE Healthcare) with a gel filtration molecular weight marker (Sigma, St. Louis, MO).
The isoelectric point (pI) of the enzyme was estimated by analytical isoelectric focusing using a polyacrylamide gel with a pH gradient of 3 to 10 (Novex IEF Gel, Invitrogen, Carlsbad, CA) with an Xcell surelock Mini-Cell system (Invitrogen) following the manufacturer's instructions.
Spectrophotometric measurement. The absorption spectrum was recorded using a U-2010 spectrophotometer (Hitachi, Tokyo) with a 1.0-cm light path.
N-Terminal amino acid sequence. Purified laccase (4 mg) was electroblotted directly from an SDS-PAGE gel to polyvinylidiene difluoride membrane (Immobilon-P, Millipore) and amino acid sequence was analyzed by a Precise protein sequencing system (Applied Biosystems, Foster City, CA).
Effects of chloride ion, metal ions, and inhibitors on laccase activity. The effects of chloride ion, metal ions, and inhibitors on laccase activity were determined using 1 mM ABTS as substrate in 0.1 M sodium tartrate buffer (pH 2.0) in the presence of metal ions, chloride ion, or inhibitors at appropriate concentrations.
Results and Discussion
Purification of Lac 1 Purification of laccase was performed with the culture fluid of G. frondosa using potato dextrose broth supplemented with yeast extract (0.15%) and inducers, copper sulfate (0.0002%) and 2,5-xylidine (0.006%), which are efficient laccase inducers. 30, 31) After 20 d of fungal growth, the laccase activity of the culture fluid reached a maximum at 1.30 U mL À1 . It was found that G. frondosa secreted at least three laccase isozymes under this culture condition, according to the evidence from native-PAGE with activity staining using ABTS (Fig. 1A) . In this study, we intended to purify and characterize the main laccase isozyme, designated Lac 1.
Purification of Lac 1 was started from 2,930 mL of culture fluid with 3,800 U of total laccase activity and 61.0 mg of total protein. Lac 1 was purified to homogeneity by five chromatographic steps according to the procedure summarized in Table 1 . Approximately 25-fold purification was achieved with an overall yield of 4.6%. The purified Lac 1 showed a single protein band on SDS-PAGE (Fig. 1B) .
Molecular mass and pI of Lac 1
The molecular mass of Lac 1 was estimated as 71 kDa by both SDS-PAGE (Fig. 1B) and Gel-filtration (data not shown), indicating a monomeric structure. This finding is consistent with typical fungal laccases, which are monomeric proteins of approximately 60-70 kDa, 34) such as Pleurotus eryngii (61 and 65 kDa), 35) Trametes hirsuta (70 kDa), 36) and Polyporus pinsitus (66 kDa).
37)
Analytical isoelectric focusing revealed that Lac 1 is an acidic protein having a pI lower than 3.5. This low pI value is consistent with those of many fungal laccases secreted in culture media thus far reported.
34)

N-Terminal amino acid sequence of Lac 1
The N-terminal amino acid sequence of Lac 1 was determined to be GIGPVTDLHIVNADI. These 15 residues were compared with data reported for laccases from other fungi, as shown in Table 2 amino acid sequence of Lac 1 showed high similarity to those of laccases of other white rot besidiomycetes, including Lentinula edodes (80% identity), Flammulina velutipes (73%), Coriolus versicolor (73%), and Polyporus ciliatus (73%). In contrast, it showed no significant similarity to those of laccases of non wood-rotting fungi, such as the compost mushroom Agaricus bisporus and the ascomycete Neurospora crassa. Absorption spectrum of Lac 1 As shown in Fig. 2 , the absorption spectrum of Lac 1 had typical characteristics of copper containing enzymes, 38, 39) having an absorption peak at 610 nm and a shoulder at around 350 nm. This indicates that Lac 1 contains a type-1 copper atom, which is responsible for the blue color of the concentrated enzyme (shown by the absorption peak at 610 nm) and type-3 binuclear copper atoms (shown by the absorption shoulder at 350 nm).
Effects of pH and temperature on Lac 1 activity and stability
The pH optimum for Lac 1 activity was measured with five substrates, ABTS, 2,6-dimethoxyphenol (DMP), guaiacol, catechol, and 3,4-dihydroxy-L-phenylalanine (L-DOPA). The pH of the reaction mixture was adjusted to a range of 2.0-6.0 using 100 mM sodium citrate buffer. As shown in Fig. 3A , the pH optimum for Lac 1 activity varied with the substrate. The highest activities for ABTS and 2,6-DMP were obtained at the lowest pH value tested (pH 2.0). The optimal pH values were 3.0 for guaiacol and catechol, and 5.0 for L-DOPA. Such a variation in the pH optimum for different substrates has been also reported for many fungal laccases, 34) and has been ascribed to variable degrees of substrate protonation under different pH conditions. 40) However, Lac 1 showed different pH optima for 2,6-DMP and guaiacol, whose pK a values are closely similar. This phenomenon is not specific to Lac 1, as similar findings have been reported for many fungal laccases. 34) Thus, it can be suggested that the variations in the pH optima for different substrates of laccases are not only due to the variable protonation degrees of the substrates. Xu suggested that any pH-induced structural and mechanistic changes in either the substrate, O 2 , or laccase itself could contribute to the substrate-dependent pH activity profiles. 41) To determine the effect of pH on enzyme stability, purified Lac 1 was incubated at 30 C for 24 h in various buffers (100 mM sodium tartrate buffer, pH 2.0-3.0, 100 mM citrate phosphate buffer, pH 3.0-8.0, and 100 mM Tris-SO 4 buffer, pH 8.0-10.0) containing 50 mg mL À1 BSA, and then the remaining activity was assayed. As shown in Fig. 3B , it was found that Lac 1 was stable over a wide pH range, 4.0 to 10.0.
The thermal stability of Lac 1 was investigated by measurement of the activity remaining after incubation of purified Lac 1 in 20 mM potassium phosphate buffer, pH 7.0, containing 50 mg mL À1 BSA at various temper- The absorption spectrum was measured in 20 mM potassium phosphate buffer (pH 7.0) at an enzyme concentration of 0.97 mg mL À1 .
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atures from 30 C to 90 C for 60 min. As shown in Fig. 3C , Lac 1 was stable up to 60 C, with no activity loss. Even at 70 C, 45% of activity remained. The stability of Lac 1 at high temperatures and in a wide pH range implies that this laccase might be a useful tool in biotechnological applications. We examined the application of purified Lac 1 in the decolorization of synthetic dyes and the oxidation of highly recalcitrant environmental pollutants (to be reported elsewhere).
Substrate specificity and kinetic properties of Lac 1
The substrate specificity of Lac 1 was evaluated at optimum pH for each substrate (Table 3) . Lac 1 oxidized a non phenolic heterocyclic compound (ABTS), and phenolic compounds (2,6-DMP, guaiacol, catechol, and L-DOPA) with considerably different kinetic constants. Among the substrates tested in this study, Lac 1 showed the highest affinity (the lowest K m value) and the highest molecular catalytic constant (k cat ) toward ABTS. These catalytic properties are consistent with laccases from some Trametes species, such as T. pubescens 42) and Trametes sp. 43) As in the case of typical laccases, Lac 1 did not oxidize L-tyrosine or veratryl alcohol, which are standard substrates for tyrosinase and arylalcohol oxidase respectively. 44) Inhibitory effect of chloride ion on Lac 1 activity The influence of chloride ion on enzyme activity was tested by measuring the oxidation rate of ABTS by purified Lac 1 in the presence of NaCl at varied concentrations (0-100 mM). As shown in Fig. 4 , Lac 1 activity was strongly inhibited by NaCl in a concentration-dependent manner. A low concentration of NaCl (5 mM) caused a considerable decrease in enzyme activity (75% loss). The presence of higher concentrations of NaCl led to greater loss of activity, and 95% of activity was lost in the presence of 100 mM NaCl. However, after removal NaCl by dialysis, almost full activity was recovered, indicating that the inhibitory effect of NaCl is completely reversible. To determine whether inhibition by NaCl is common to fungal laccases, we examined the effect of chloride ion on the activity of commercial Trametes versicolor laccase (Jena Bioscience, Jena, Germany). As shown in Fig. 4 , chloride ion also inhibited the activity of T. versicolor laccase, but the inhibitory effect was found to be much stronger on Lac 1. In addition, a similar inhibitory effect of chloride ion has been reported for other fungal laccases, including those from Agaricus blazei 45) and Polyporus versicolor.
46) It was suggested that the chloride ion blocks the electron pathway at the active site of the laccase. The activities of Lac 1 ( ) and laccase from T. versicolor ( ) were determined in the presence of NaCl at various concentrations.
Effects of metal ions and inhibitors on Lac 1 activity
The effects of metal ions and inhibitors on Lac 1 activity were tested using ABTS as substrate. As shown in Table 4 , monovalent ions (Na þ and K þ ) had no appreciable effect on Lac 1 activity, whereas divalent and trivalent ions showed varying inhibitory effects. Among the metal ions tested, Fe 2þ was the most efficient inhibitor of Lac 1, causing 98% inhibition at 1 mM concentration. This strong inhibitory effect of Fe 2þ was also found with the laccase of Pleurotus ostreatus.
47) Lac 1 activity was slightly inhibited by Mg 2þ , Zn 2þ , Co 2þ , Cu 2þ , Al 3þ , and Cr 3þ . An inhibitory effect of Cu 2þ has also been reported in some of laccases from other besidiomycetes, including L. edodes 48) and P. ostreatus, 47) although laccase is a copper-containing enzyme. Okamoto et al. suggested that an excess supply of Cu 2þ might cause a change in the laccase structure, leading to a loss of activity. 47) The inhibitory effects of some putative laccase inhibitors are shown in Table 5 . The metal chelator EDTA had only a slight inhibitory effect. Twenty mM EDTA caused only about 20% inhibition, which is consistent with other laccases reported to date. 49, 50) A strong inhibitory effect was observed for sodium azide (NaN 3 ) which completely inhibited Lac 1 activity at a low concentration (1 mM). It has been suggested that azide binds to the copper atoms within the protein structure and blocks electron transfer, leading to a loss of catalytic activity. 11) In the presence of thiol compounds, dithiothreitol and L-cysteine, in the reaction mixture, the activity of Lac 1 decreased in response to the concentration of both compounds. Inhibition of laccase activity by thiol compounds has been observed by several researchers 44, 51) and were presumed to be the result of coordination of the thiol to the copper atoms in the enzyme active site. 52) 
